Randomized controlled crossover study of the effect of a highly ␤-glucan-enriched barley on cardiovascular disease risk factors in mildly hypercholesterolemic men [1] [2] [3] Garth JS Cooper, Tom B Mulvey, Brian H McArdle, Graeme D Coles, John A Monro, and Sally D Poppitt ABSTRACT Background: Soluble-fiber ␤-glucan derived from oats can reduce cardiovascular disease (CVD) risk through reductions in total and LDL cholesterol. Barley-derived ␤-glucan may also improve serum cholesterol, but large quantities are required for clinical significance. Objective: This trial investigated whether a ␤-glucan-enriched form of barley can favorably modify cholesterol and other markers of CVD and diabetes risk. Design: Eighteen mildly hyperlipidemic (x -± SD: 4.0 ± 0.6 mmol LDL cholesterol/L) men with a mean (± SD) body mass index (in kg/m 2 ) of 27.4 ± 4.6 were randomly assigned in this single-blind, 2 ϫ 4-wk trial to either the treatment arm [8.1-11.9 g ␤-glucan/d (scaled to body weight)] or the control arm (isoenergetic dose of 6.5-9.2 g glucose/d). After a washout period of 4 wk, dietary regimens were crossed over. The trial took place in a long-stay metabolic facility, and all foods were provided (38% of energy from fat). Fasted blood samples were collected on days 0, 1, 7, 14, 21, 28, and 29 in both study arms. An oral-glucose-tolerance test was carried out on days 0 and 29. Results: There was no significant change (⌬) in total (⌬ = Ϫ0.08 mmol/L, Ϫ1.3%), LDL (⌬ = Ϫ0.15 mmol/L, Ϫ3.8%), or HDL (⌬ = 0 mmol/L) cholesterol or in triacylglycerol (⌬ = 0.18 mmol/L), fasting glucose (⌬ = Ϫ0.05 mmol/L), or postprandial glucose when analyzed between treatments (P > 0.05; ANOVA).
INTRODUCTION
The protective effects of dietary fiber against cardiovascular disease (CVD), mediated through a reduction in serum lipids, was first reported > 40 y ago by Keys (1) ; later research led to the dietary fiber hypothesis proposed by Burkitt (2) and Trowell (3) that a high intake of starchy carbohydrates and fiber is protective against cardiovascular disease. More than 140 intervention trials have since been carried out with the use of fiber supplements, fiber-enriched foods, and high-fiber whole foods (4) (5) (6) (7) (8) to investigate the relation between fiber intake and CVD risk factors. More than 80% of these trials showed a hypocholesterolemic effect of an increased intake of soluble fiber from guar gum and cereals such as oats and psyllium.
Within recent years, the US Food and Drug Administration has endorsed the relation between an increase in soluble fiber and a decrease in serum total cholesterol by ratifying health claims for oats (9) and for psyllium fiber (10) . The active component in oats has been identified as the linear mixed-link (1→3)(1→4)-␤-D-glucan (␤-glucan) (11) , which reduces serum total cholesterol by Ϸ5-10% (5) and which in oats is present at close to 4% (by wt) (12) . Barley contains 5-10% (by wt) ␤-glucan (12) and so may be expected to have similar cholesterol-lowering effects, yet there are few published trials on barley cereal. The trials carried out used a variety of barley flour, bran, flakes, and brewer's spent yeast as the source of ␤-glucan, and most (13) (14) (15) (16) (17) (18) (19) (20) although not all (21) showed barley ␤-glucan to be hypocholesterolemic. In addition, animal (22, 23) , epidemiologic (24, 25) , and human intervention (26) (27) (28) studies have shown that a diet high in soluble fiber may also improve glucose and insulin control and hence reduce the risk of type 2 diabetes (29) (30) (31) . The high viscosity of ␤-glucan may be particularly effective at reducing postprandial glycemia (30) , and several trials using oat or barley products (27, (29) (30) (31) (32) (33) (34) (35) (36) (37) reported significant reductions in glycemic response.
Barley, unlike oats, is not a readily accepted food source, and it is unlikely that sufficient amounts could be incorporated into the diet to achieve the recommended intake of 3 g ␤-glucan/d (9) without enrichment of the product. Viable options for dietary inclusion must be encapsulation or high enrichment in a manner similar to that used to incorporate oat gum into commercial food products. No trials of highly ␤-glucan-enriched barley were previously conducted. The aim of this study was to assess whether a highly ␤-glucan-enriched barley (75% by wt) would result in a clinically significant improvement in CVD risk in a group of men with mild hypercholesterolemia.
SUBJECTS AND METHODS

Subjects
Eighteen male volunteers were recruited into the study by means of an advertisement for interested participants. Subjects aged 18-65 y were recruited on the basis of a mildly elevated concentration of LDL cholesterol (> 3.5 mmol/L), no current drug treatment for hyperlipidemia, and no history of CVD. No subjects were currently being treated for hypertension, overweight or obesity, metabolic disorders including diabetes mellitus, or depression. All had normal liver and and thyroid functions. All volunteer subjects provided written informed consent. Ethical approval for this study was obtained from the University of Auckland and the Auckland North Health Authority ethics committees.
Protocol
This study was a randomized crossover intervention trial in which participants were blinded to treatment. Subjects were required to be resident at the University of Auckland Human Nutrition & Metabolic Unit throughout both dietary periods, and compliance was ensured by the provision of all foods and beverages during the intervention. Entry into the barley ␤-glucan treatment arm or the control arm of the trial was by random assignment using stratification to ensure that each arm was balanced. Each of the 2 intervention periods was 4 wk long, and they were separated by a minimum washout period of 4 wk, during which all volunteers returned home and resumed their normal diet. After the washout period, subjects crossed over to the other arm of the study. Blood and urine samples were routinely collected throughout the intervention. Blood samples were collected from fasted subjects by venipuncture on the morning of days 0 and 1 (preintervention baseline) and days 7, 14, 21, 28, and 29. An oral-glucose-tolerance test was also carried out on days 0 and 29 according to standard World Health Organization protocols (38) . A liquid glucose polymer (Polycal; Nutricia-Bornem, Antwerp, Belgium), equivalent to 75 g anhydrous glucose and accepted for use by the World Health Organization, was used for the standard glucose load. 24-h urine samples to assess dietary compliance by nitrogen balance were collected on days 10 and 20 on both arms of the intervention. Body weight was measured daily while subjects were fasted and after voiding of the bladder. Blood samples were analyzed for total, LDL, and HDL cholesterol; triacylglycerol; fasting plasma glucose; and postprandial plasma glucose.
Treatment
The barley ␤-glucan fed in this trial was given as a highly enriched barley fiber product, a gelling form of ␤-glucan (Glucagel; Gracelinc Ltd, Christchurch, New Zealand), produced from high ␤-glucan content barley that was milled and sieved to separate the starch and cell-wall material. A 2-step extraction process was carried out to produce the ␤-glucan-enriched product: 1) water extraction at 50-60 ЊC and 2) a freeze-and-thaw extraction from which the ␤-glucan was recovered. The final product was a (1→3)(1→4)-␤-D-glucan (␤-glucan), comprising 75% (by wt) ␤-glucan that was insoluble in cold water and that formed a weak gelling agent. Active treatment comprised a daily supplement of 0.67 g barley ␤-glucan/MJ of the total diet and control comprised an isoenergetic amount of monosaccharide glucose of 0.54 g/MJ of the total diet. The dose of both treatment and control was scaled to body size for all subjects. The ␤-glucan treatment and glucose control supplements were incorporated into snacks and meals consumed throughout the day; cooked into bread, waffles, and muffins for breakfast; cooked into bread for sandwiches at lunch; cooked into savory dishes such as spaghetti Bolognese and chicken curry and into desserts for evening meals; and cooked into cakes and cookies for between-meal snacks.
Background diet
The background diet was designed to be identical on both arms of the intervention to ensure that the only nutrient that differed between treatments was ␤-glucan. The diet was controlled for macronutrient and micronutrient composition through careful measurement of all food ingredients, each of which was weighed to the nearest gram during diet preparation. The energy and macronutrient contents of the diet were calculated with the use of the dietary program, FOODWORKS (version 2.05; Xyris Software, Brisbane, Australia), which included data from the New Zealand Food Composition Database, to be 38% of energy from fat, 13% of energy from protein, and 49% of energy from carbohydrate, and this content was typical of a Westernized diet. Duplicate samples of the entire 7-d diet rotation were collected from each of 4 randomly chosen subjects on one occasion during the ␤-glucan-enriched barley treatment and on one occasion during the control treatment. Each of the 7-d samples was individually homogenized, and an aliquot was frozen for later chemical analysis. The content of dietary fiber was verified by direct chemical analyses from these duplicate diets by using the methods of Englyst et al (39) .
Subjects were fed to energy balance, based on a multiple of predicted basal metabolic rate (40) , and diets were reviewed by members of the research team on a daily basis to ensure that a constant body weight was maintained during each intervention period. A combination of change in body weight, reported activity, and hunger levels was used to assess total daily energy requirements. A 7-d dietary rotation was used so that every week the entire diet was repeated. Subjects were provided with breakfast, lunch, dinner, and between-meal snacks. Breakfast and dinner were eaten under supervision at the Nutrition Unit, and lunch and snacks were packed and participants were able to take them to college or their place of work as they chose. Decaffeinated, sugar-free sodas and decaffeinated, sugar-free tea and coffee were freely available. Subjects were asked to eat all of the foods provided for the trial and no others. Alcohol was prohibited throughout the intervention. The subjects were self-selected and well motivated. Independent dietary compliance was assessed from 24-h urinary nitrogen balance data, in which urinary losses of nitrogen were directly compared with dietary protein intake (where g protein = 6.25 ϫ g 
SBP, systolic blood pressure; DBP, diastolic blood pressure.
All variables measured in subjects in the fasted state. 4 Metabolizable energy content of soluble-fiber ␤-glucan based on 8.4 kJ/g (42) .
nitrogen). Para-aminobenzoic acid supplementation was used in an attempt to verify complete 24-h urine collections, according to the method of Bingham (41) .
Statistical analysis
Body weight and metabolic outcomes (total, LDL, and HDL cholesterol; total:HDL; triacylglycerol; and glucose) were analyzed by using linear mixed-models analysis of variance (PROC MIXED, version 8.0; SAS Institute Inc, Cary, NC) and corrected for autocorrelation of errors over time. The dietary treatment, the arm of the trial (stratum), the intervention period, and the study day within period were explicitly modeled as fixed factors, as was the treatment ϫ day interaction that addressed whether the trajectory over time during the intervention period differed between treatments (diet ϫ time). Subjects within strata were treated as random, as were their interactions with day and intervention period. Repeat baseline measures before intervention (days 0 and 1) were combined into a single mean value to reduce variability at baseline. Repeat data collected at the end of the intervention (days 28 and 29) were not combined. Variable intervals between blood collections were also included in the analyses so that the unequal numbers of days between measurements were modeled as an autoregressive order 1 process with constant day-to-day correlation. Dietary composition measured by chemical analysis was analyzed between treatments by using paired Student's t test. All biochemical assays were analyzed in triplicate, and the values are presented as means ± SEMs. Statistical significance was based on 95% CIs (P < 0.05).
RESULTS
Eighteen male subjects, recruited on the basis of mildly elevated LDL cholesterol, entered the trial and completed both arms of the intervention ( Table 1) . There were no subjects who withdrew or who were excluded for noncompliance. The subjects were aged 26-61 y, and they tended to be overweight [mean body mass index (in kg/m 2 ): 27.4 ± 4.6; range: [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] . At baseline, mean total and LDL cholesterol concentrations were 5.8 ± 0.8 and 4.0 ± 0.6 mmol/L, respectively, both of which were above the ideal range for healthy men. HDL cholesterol, triacylglycerol, and glucose concentrations were all within the normal range, and there was no evidence of significant hypertension.
The average dose of barley ␤-glucan added to the diet on a daily basis during the period of active treatment was 9.9 ± 0.9 g/d (range: 8.1-11.9 g/d; Table 2 ). This dose was matched isoenergetically with an average dose of 7.7 ± 0.8 g glucose/d (range: 6.5-9.2) during the control arm. When measured by direct chemical analyses from the duplicate diets collected throughout the trial, the total fiber content of the diet, including the barley ␤-glucan supplement, was estimated to be 28.7 ± 2.6 g/d in the control period and 35.8 ± 4.8 g/d in the ␤-glucan period (P < 0.001; Table 3 ); the mean increase was 7.1 g/d. Soluble fiber was shown to increase significantly from 14.0 ± 1.1 to 20.7 ± 4.8 g/d between the control and ␤-glucan arms of the trial (P < 0.001). This was an estimated increase of 6.7 g/d, which showed that the analytic methods used for fiber analyses did not detect all of the ␤-glucan added into the diet, possibly because of poor solubility during 80% ethanol precipitation if the ␤-glucan were depolymerized, but they were somewhat informative. Insoluble fiber was kept almost constant between diets, at an average of 15.2 ± 1.9 and 15.8 ± 3.4 g/d on the control and ␤-glucan arms of the trial, respectively. Body weight was kept stable throughout both arms of the intervention through manipulation of energy intake on a daily basis in response both to changes in body weight and to the reported hunger of the subjects. There was no significant difference between body weight at baseline or weight change throughout the 4 wk intervention periods between the 2 treatments (P > 0.05). When subjects were on the 4 Chemical analyses of duplicate diets for 4 subjects, adjusted for an average intake of 14.7 MJ/d on the treatment arm and 14.4 MJ/d on the control arm.
5 Represents added fiber. 6 Measured soluble-fiber and total-fiber contents of the diet were significantly higher during ␤-glucan supplementation (paired t test), P < 0.001. 7 Calculated by the method of Englyst et al (39) .
barley ␤-glucan treatment, mean body weight was 86.5 ± 3.6 and 86.8 ± 3.6 kg at baseline and at the end of the intervention, respectively; when subjects were on the control arm, mean body weight was 87.0 ± 3.5 and 87.1 ± 3.5 kg at baseline and at the end of the intervention, respectively. No subject lost or gained > 1 kg body wt during the intervention periods. Blood samples were collected on 14 occasions from each of the 18 subjects during the 4-wk active and control treatment arms. There was no significant change in lipid profile between baseline and the end of the intervention on either the active treatment (time, P > 0.05; Figure 1 ) or control diet (time, P > 0.05), nor were there significant between-treatment effects of diet over time on total, LDL, and HDL cholesterol concentrations; total:HDL (diet ϫ time, P > 0.05; Figure 1 ); or triacylglycerol (diet ϫ time, P > 0.05; Figure 2 ). Total cholesterol changed by Ϫ0.09 and Ϫ0.02 mmol/L between baseline (days 0 and 1 combined) and the end of the intervention (day 29) on ␤-glucan and control diet, respectively. This represented a between-treatment differential of 1.3%. LDL cholesterol changed by Ϫ0.21 and Ϫ0.05 mmol/L between baseline and the end of the intervention on the ␤-glucan and the control diet, respectively. This represented a betweentreatment differential of 3.8%. Throughout the barley ␤-glucan treatment, total and LDL cholesterol concentrations were consistently lower than when subjects were on the control arm, and there were also pronounced week-to-week fluctuations in circulating lipids during the active treatment. Both between-subject (0.68 mmol/L, 11.6%) and within-subject (0.36 mmol/L, 6.1%) variability in total cholesterol was high. When individual time points were analyzed within the linear mixed model as daily pairwise comparisons, there was no significant between-treatment effect of diet at day 7 or day 14 for any of the measured lipidstotal, LDL, and HDL cholesterol concentrations; total:HDL; or triacylglycerol (P > 0.05). There was a significant betweentreatment effect at day 21 for total cholesterol (P < 0.01) but not for LDL or HDL cholesterol, total:HDL, or triacylglycerol (P > 0.05), and this effect on total cholesterol was no longer detectable on the days after day 21. The least-squares mean ± SEM differences for total cholesterol between the treatment and control (after correcting for the other factors) were 0.042 ± 0.126 on day 14, 0.367 ± 0.126 on day 21, 0.076 ± 0.126 on day 28, and 0.05 ± 0.126 on day 29, with 2 outlier data points on control diet responsible for the effect. Whereas these changes may indicate some activity of the soluble fiber with respect to cholesterol lowering, there was neither consistency of effect nor significant difference between treatments when they were analyzed over the entire 4-wk intervention (P > 0.05).
Fasting plasma glucose tended to decrease over 4 wk on both treatments, but these decreases were not significant by the end of either intervention period (time, P > 0.05). There were no significant between-treatment diet ϫ time effects on circulating fasting plasma glucose (diet ϫ time, P > 0.05; Figure 2 ). When given an oral-glucose-tolerance test challenge, average postprandial plasma glucose changed in a predictable manner on both treatments, increasing to a peak at 60 min (t 60min ) and returning to near baseline by 120 min (t 120min ; Figure 3) . Nine subjects were sufficiently insulin sensitive that a rise in glucose at t 60min was prevented for ≥ 1 of the 4 tests. Two subjects had flat curves on all 4 occasions. With the use of fasting plasma glucose concentrations > 5.5 mmol/L as an indicator, 6 subjects were shown to be mildly glucose intolerant on ≥ 1 of the 4 tests. Three subjects showed impaired glucose tolerance on all 4 tests. No subjects were shown to be diabetic. When analyzed as a group, there were no significant changes in the area under the 120-min glucose curve or in the glucose concentration at t 120min between baseline and day 29 on either the ␤-glucan or control diets (P > 0.05), nor were there significant changes with analysis between treatments (P > 0.05).
DISCUSSION
This randomized crossover trial was unable to provide evidence of a significant improvement in CVD risk or type 2 diabetes risk in a group of mildly hypercholesterolemic, middle-aged men fed a highly enriched form of barley-derived ␤-glucan as part of a typical 38% fat diet. Total cholesterol decreased by only 1.3% and LDL cholesterol by 3.8% over the 4-wk intervention period, which indicated a very modest improvement, if any, in the risk profile.
The 10 g/d dose given to subjects in this trial was more than 3 times the intake recommended by the Food and Drug Administration for efficacious action of soluble-fiber ␤-glucan (9), an intake level established from > 40 intervention studies feeding oat products FIGURE 1. Mean (± SEM) total, LDL, and HDL cholesterol concentrations and the ratio of total to HDL cholesterol (total:HDL) during the 4-wk barley ␤-glucan (᭹) and control (᭺) treatments in 18 mildly hyperlipidemic men. There was no significant main effect of treatment (diet; ANOVA) for total (P = 0.25), LDL (P = 0.37), or HDL (P = 0.34) cholesterol or total:HDL (P = 0.88) or treatment ϫ time interaction (diet ϫ time; ANOVA) for total (P = 0.24), LDL (P = 0.44), or HDL (P = 0.37) cholesterol or total:HDL (P = 0.92).
* Significantly different from control treatment, P < 0.01. (43) (44) (45) (46) (47) (48) (49) (50) (51) (52) . Most of these trials, which fed oat cereal at doses of 3-145 g/d to both healthy and hyperlipidemic subjects for periods of 2-12 wk, showed 5-10% reductions in total cholesterol, which have been established as both statistically and clinically significant. The current study was based on this earlier body of evidence and powered to detect a 5% decrease in the primary outcome, total cholesterol. The variability in lipid profile in the group of hyperlipidemic subjects recruited into this trial was greater than predicted: 0.68 mmol/L (11.6%) between subjects and 0.36 mmol/L (6.1%) within subjects. This variability would have masked small improvements in circulating total cholesterol of < 5%. It is clear, however, that the ␤-glucan-enriched barley product used in this trial was unable to match the established efficacy of oat-soluble fiber when fed as oat fiber supplements, fiber-enriched ingredients, or mixed fibers (43) (44) (45) (46) (47) (48) (49) (50) (51) (52) or of barley-soluble fiber given as mixed barley diet, barley bran flour, barley oil, brewer's spent grain, and barley ␤-glucans per se (13-15, 17-20, 53, 54) . There have been far fewer trials investigating efficacy of barley ␤-glucan on CVD or type 2 diabetes risk factors or potential mechanisms of action (55) , and no trials at all of ␤-glucan-enriched barley. Debate exists as to the mechanism by which a soluble fiber such as ␤-glucan exerts its effect. Possible mechanisms include 1) increased viscosity in the gastrointestinal tract (56) (57) (58) , delay in cholesterol absorption, and increased conversion of cholesterol into bile acids (59, 60) through increased fecal bile acid excretion after binding, although there is little evidence that barley-soluble fiber binds bile acids (61); 2) inhibition of cholesterol synthesis through short-chain fatty acid production (62, 63) ; and 3) thickening of the unstirred layer of gut lumen, a consequence of an immune response leading to the secretion of materials including glycosaminoglycans, proteoglycans, and glycoproteins that collectively form a viscous mucin (G Coles, unpublished data, 2000). In comparison, insoluble fiber has little effect on serum cholesterol but improves the function of the large intestine by means of rapid intestinal transit time and gastric emptying (64, 65) .
The relatively large amount of oat cereal that must be consumed (40 g oat bran or 60 g oatmeal) to achieve an intake of 3 g ␤-glucan led to the development of enriched forms of oat ␤-glucan. Seven trials investigated the efficacy of oat ␤-glucan at concentrations of 10-80% (44, (66) (67) (68) (69) (70) (71) . Only 4 of the trials reported significant cholesterol lowering (44, 67, 69, 71) , which raised the issues of whether the process of enrichment may directly affect bioactivity and whether efficacy may be compromised during processing (72) .
The study that we have reported is the first trial to investigate the efficacy of a ␤-glucan-enriched barley. Unlike oats, 3 g barley ␤-glucan/d cannot be incorporated into a typical diet but must be highly enriched and consumed either as a supplementary food or nutraceutical product, such as psyllium fiber, or in a commercial food preparation, such as oat gum. In this trial, there was no evidence of a consistent improvement in serum lipids, despite the high dose of enriched ␤-glucan incorporated into the diet. The only significant between-treatment effect was that for total cholesterol at day 21 of intervention, and this single result may represent a type I error, exacerbated by 2 outliers. To investigate this further, within-treatment differences in total cholesterol between baseline and day 21 for active treatment were analyzed by pairwise t test, but they did not change significantly (⌬ = 0.0944, t = 0.69, P = 0.5012); hence the difference between treatment and control was not due to the effect of active treatment on cholesterol.
There are a number of possible reasons for reduced efficacy: 1) unfavorable structural changes during commercial purification, such as depolymerization of the linear structure (72) , that result in decreased molecular weight and reduced viscosity in the gastrointestinal tract; 2) mild extraction conditions (50-60 ЊC), which may not deactivate endogenous ␤-glucanases and may also lead to increased depolymerization (73, 74) ; 3) cooking processes that in vitro digestion systems showed may reduce peak molecular weight (75); and 4) freezing and storage, which were shown to reduce the extractability (75) but not the molecular weight (76) of oat ␤-glucan in the intestine. The quantity of ␤-glucan ingested accounts only in part for hypocholesterolemic effects, because the viscosity and molecular weight of soluble fiber in the gastrointestinal tract are critical (57, 58) . A higher molecular weight may be associated with a higher viscosity and greater cholesterol reduction. A combination of these factors may help to explain the unexpectedly poor response in this trial.
There was no evidence of an improvement in glucose control, which may be unsurprising because no subjects were diabetic and few had impaired glucose tolerance. Many, although not all, of the animal and human trials that showed improvements in glucose control when a variety of soluble fibers were introduced into the diet were performed in prediabetic persons (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) . Of the 10 trials that investigated responses to oats or barley (27, (29) (30) (31) (32) (33) (34) (35) (36) (37) , all but one (33) reported significant improvement in glycemic response; however, only 5 of these trials tested the effect of ␤-glucan per se (30, 31, 34, 36, 37) . Dietary fiber acts on glucose absorption and the rate of gastric emptying, which are determined largely by viscosity of fiber in solution (77) . Reduction in postprandial glycemia has been attributed to the high viscosity of ␤-glucan (30).
In conclusion, this current trial-which investigated the efficacy of a highly ␤-glucan-enriched barley product-did not show clinically significant improvements in lipid or glucose control, and thus there was no evidence of improvement in CVD or type 2 diabetes risk in this group of young to middle-aged, mildly hypercholesterolemic men. Because ␤-glucan was previously shown to be highly efficacious at doses as low as 3 g/d, we suggest that this lack of effect may be, at least in part, a consequence of structural changes in ␤-glucan that result from the commercial processing of the barley into a highly enriched ␤-glucan product or from the freezing, storage, or baking of the product during the intervention period. Highly enriched products of either barley or oat origin warrant further investigation to establish efficacy (78) .
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